We investigate the early onset of pionic color transparency (πCT) observed at Jefferson Laboratory (JLAB) in semi-exclusive pion electroproduction reaction A(e, e ′ π + ) off nuclei. In the present description the primary γ * p → π + n interaction is described very well both for the longitudinal and the transverse polarizations. For the final state interactions a coupled-channel treatment of the interactions of transmitted hadrons allows to go beyond the Glauber approximation. We show that a proper distinction between the soft hadronic and hard partonic components of the electroproduction amplitude is essential for a quantitative description of the measured nuclear transparency. The data are well reproduced if one assumes that point-like configurations are produced in the regime of hard deep-inelastic scattering (DIS) off partons and dominate the transverse channel.
We investigate the early onset of pionic color transparency (πCT) observed at Jefferson Laboratory (JLAB) in semi-exclusive pion electroproduction reaction A(e, e ′ π + ) off nuclei. In the present description the primary γ * p → π + n interaction is described very well both for the longitudinal and the transverse polarizations. For the final state interactions a coupled-channel treatment of the interactions of transmitted hadrons allows to go beyond the Glauber approximation. We show that a proper distinction between the soft hadronic and hard partonic components of the electroproduction amplitude is essential for a quantitative description of the measured nuclear transparency. The data are well reproduced if one assumes that point-like configurations are produced in the regime of hard deep-inelastic scattering (DIS) off partons and dominate the transverse channel. The interactions of high-energy virtual photons with nuclei provide an important tool to study the early stage of hadronization and (pre)hadronic final-stateinteractions (FSI) at small distances d ∼ 1/ Q 2 . A further advantage of lepton-induced reactions is that one may vary the energy ν and virtuality Q 2 of the incident photon independently of each other. This allows to study the phenomenon of Color Transparency (CT) [1, 2] , i.e. the reduced interaction cross section of a small sized color singlet object produced in processes at high momentum transfer. Furthermore, in the kinematic regime where one is less sensitive to the resolved hadronic interactions of photons -coherence length effect -the photonuclear reactions are not contaminated by initial-state-interactions (ISI). This is an advantage compared to the use of hadronic projectiles, which are strongly shadowed on their way to the reaction point inside the nucleus.
In the presence of the CT effect the intranuclear attenuation of hadrons propagating through the nuclear medium should decrease as a function of photon virtuality Q 2 . In this case the nucleus becomes more transparent for the outgoing particles as compared to the case where the attenuation is driven by ordinary absorption mechanisms. One may use a transparency ratio 1 as a tool to search for deviations from predictions of models based on conventional nuclear many-body mechanisms.
During the last decade, a number of experiments have been performed to measure the nuclear transparencies in search of CT. These include the measurements of transparencies in reactions A(p, 2p) [3, 4, 5, 6] , A(e, e ′ p) [7, 8, 9, 10, 11, 12] , ρ-meson electroproduction off nuclei [13, 14] , π-photoproduction [15] , coherent diffractive dissociation of pions into di-jets [16] . We refer * Electronic address: kaskulov@theo.physik.uni-giessen.de 1 The nuclear transparency for a certain reaction process is usually defined as the ratio of the nuclear cross section per target nucleon to the one for a free nucleon, i.e.
to Ref. [17] , where a summary of the possible signatures of CT in these reactions can be found.
It is expected that CT should be more pronounced in reactions involving mesons instead of baryons. Indeed, it might appear more probable to produce a two-quark system with a small transverse size and, as a consequence, reduced FSI. This idea had been followed by the HER-MES experiment on ρ-meson production on nuclei [14] which seemed to indicate CT effects. Subsequent theoretical analyses of this experiment did show, however, that the effects of CT could not be clearly distinguished from those of shadowing in the entrance channel [18, 19] . The latter calculation [19] showed that it is essential in any analysis of the CT effect to properly account for FSI and experimental acceptance limitations. The coherence length has been kept approximately constant in an experiment at JLAB [20] where the nuclear transparency in semi-exclusive π + electroproduction reaction A(e, e ′ π + ) has been measured as a function of Q 2 and the atomic mass number A, a rise of pionic transparency has been observed for values of Q 2 between 1 and 5 GeV 2 . Since the π-nucleon cross section is nearly constant for energies covered by the experiment, transparencies calculated in the standard Glauber model are independent of Q 2 . The observed Q 2 dependence of the π + transparency deviates from the calculations without CT of Refs. [21, 22] , and is in fair agreement with the calculations of the same groups when including CT. In Ref. [21] a semiclassical model for FSI has been used, while in Ref. [22] a relativistic version of the Glauber model has been developed. Both groups incorporate CT using the quantum diffusion picture [23] .
In this work we study the onset of CT at JLAB using a factorization of the whole reaction into an initial, primary interaction of the incoming virtual photon with the nucleon and the FSI. The cross section for the former is reproduced both in its longitudinal and its transverse contribution while the FSI is treated within transport approach. The main advantage of the present approach to FSI is its universality and a use of input parameters already tested in many different kinds of nuclear reactions, for example, for photo-and electropro- duction reactions [24] . For the present investigation the studies of pion-processes in nuclei are particularly relevant [25, 26] . Because our calculations represent a complete event simulation it is possible to take experimental acceptance effects into account. In the following we carry out the transport MC simulation using the actual acceptance conditions of the πCT experiment at JLAB [20, 27] . As a central result we will show that a quantitative understanding of the observed nuclear transparency requires a detailed understanding of the primary, elementary (γ * , π + ) reaction on the proton. In spite of the fact that the results of Refs. [21, 22] do provide a rather strong support for the CT we further show that because of large uncertainties in the formation time concepts the longitudinal-transverse (l-t) separated nuclear cross sections are needed for a quantitative understanding and proof of the CT effect.
The calculations of Refs. [21, 22] mainly deal with effects of FSI and do not account for many features of the (γ * , π + ) reaction amplitude. Our interpretation of the πCT data is closely tied to a microscopic model for the primary reaction p(e, e ′ π + )n. At first we briefly describe the model for the exclusive process
Following Ref. [28] we distinguish two classes of primary collisions: a soft hadronic and a hard partonic (DIS) production of π + . The soft hadron-exchange part of the γ * p → nπ + amplitude is described by the exchange of Regge trajectories [29] . The Feynman diagrams are shown in Figure 1 is referred as the π + quasi-elastic knockout mechanism. The latter also contains the electric part of the s-channel nucleon Born term to conserve the charge of the system. The right diagram in Figure 1 describes the exchange of the ρ-meson Regge trajectory and gives only a marginal contribution to the cross section. The corresponding gauge invariant hadronic currents and parameters of the Regge trajectories are given in Ref. [28] .
At the invariant masses reached in the πCT experiment (W ≈ 2.2 GeV) nucleon resonances can contribute to the 1π channel. As in Ref. [28] this is modeled by the hard interaction of virtual photons with partons (DIS) since DIS involves all possible transitions of the nucleon from its ground state to any excited state [30] . For the proper description of the reaction p(e, e ′ π + )n in DIS a model for the hadronization process is needed. In the present description of the hadronization in DIS we rely on the Lund fragmentation model [31] as depicted in Figure 2 where the leading order γ * q → q DIS process followed by the fragmentation of an excited string into two particles (πN ) is shown. As a realization of the Lund model we use the jetset implementation [32] . We note that this description resolves the longstanding puzzle of a large theoretical underestimate of the observed transverse strength in the model of [29] .
In the calculation presented in Ref. [28] the transverse part is solely generated by the DIS process. However, contrary to the situation at higher values of Q 2 considered in Ref. [28] where the hadronic part gives only a marginal contribution to σ T , at low Q 2 the problem of double counting arises when using both the DIS and the Regge contributions to the transverse cross section. Following Ref. [33] this could be solved by turning off the leading order DIS contribution, as required by gauge invariance for γ * q → q, when approaching the photon point where the Regge description alone gives a good description of data [29] . Therefore, an additional empirical factor [33] 
is introduced into the DIS cross section with the cut-off Λ as a fit parameter. This factor is ≃ 1 at high values of Q 2 and tends to zero at small values of Q 2 . The combined description of data from the JLAB F π-1 experiment [34] at low values of Q 2 and F π-2 experiment [35] at high Q 2 results in Λ ≃ 400 MeV. In the Q 2 range considered in Ref. [28] Eq. (2) is close to unity and is largely ineffective for the results presented there.
In Figure 3 the results for the p(γ * , π + )n differential cross sections dσ L /dt (top panels) and dσ T /dt (bottom panels) are compared with the πCT data of Ref. [36] . The longitudinal cross section dσ L /dt is very well described by the hadron-exchange model (solid curves). The discontinuities in the curves result from the different values of Q 2 and W for the various −t bins. The steep fall of dσ L /dt away from forward angles comes entirely from the rapidly decreasing π-pole amplitude. The lower part of Figure 3 shows that the transverse cross section can be readily explained [28] by a contribution from DIS pions (solid histograms). In the present paper the model of Ref. [28] provides an accurate representation of the elementary (γ * , π + ) cross section. In Figure 4 (left panel) we show the integrated (γ * , π + ) cross sections. At given W = 2.2 GeV the hard partonic part of the cross section (dash-dotted curve) dominates the π + production mechanism. However, what matters in the πCT experiment is the forward production, since the experiment has been done at parallel kinematics with q k ′ . In this kinematical regime the situation is opposite and the soft π + quasi-elastic knockout mechanism (dashed and solid curves correspond to the longitudinal and transverse components, respectively) dominates up to Q 2 ≈ 3 GeV 2 , as shown in the right panel of Figure 4 . As we shall see, this complex interplay between soft hadronic and hard partonic components of the (γ * , π + ) reaction is crucial for the interpretation of πCT data.
Concerning the overall reaction mechanisms on nuclei we rely on a separation of different processes. At first (in the impulse approximation) the e-beam interacts with a nucleon inside the nucleus. It is supposed that the elementary interaction with nucleon is the same as that with a free nucleon. All the standard nuclear effects like Fermi motion, Pauli blocking and nuclear shadowing are properly taken into account. In a second step, all produced (pre)hadrons are propagated through the nuclear medium according to the transport equation. A necessary condition for the CT effect is the propagation of a quark-gluon system, originating in the hard partonic interaction, through the nuclear medium and its subsequent interactions with surrounding nucleons. In the present model the hard DIS part of the primary high energy electromagnetic interaction is determined by the Lund model which means that the final state consists of an excited string (see Figure 2 ). This string then fragments into hadrons. Following Ref. [37] we extract production and formation times t P and t F of hadrons in the target rest frame from the MC calculation. We note however, that in the fragmentation of a string into two particles all parameters are fixed and the times may be extracted analytically. In the exclusive reaction (e, e ′ π + ) considered here all pions are -because of their high energy z ≈ 1 -directly connected to the hard interaction point and thus have production time t P = 0. The Lund model formation times of exclusive (pre)pions in the forward kinematics of the πCT experiment are shown in Figure 5 (solid curve) and include the dilatation effect in the target rest frame; they are close to zero in the hadron's rest frame. At the highest Q 2 the corresponding formation lengths in the laboratory (the rest frame of the target nucleus) exceed the nuclear radius so that this effect alone already leads to an increase of transparency with Q 2 . As a second possible scenario we compare the Lund model formation time t F in the laboratory with the estimate used in Ref. [21] . In this work the characteristic time t F needed to evolve the (pre)pion to its physical state is given by [23] 
where k ′ is the three momentum of the outgoing pion and the last approximation is valid only for the ultrarelativistic hadrons. In the rest frame of the (pre)hadron, i.e. k ′ = 0 one gets a well known result τ F = 1/∆M where ∆M = m * π − m π is given by the lowest lying Regge partner of mass m * π . Although, in the original work [23] [23] all the above estimates can be considered as educated guesses at best. For instance, the value of ∆M 2 = 1.4 GeV 2 corresponds to the expansion time in the rest frame τ F = 0.16 fm. This has to be compared with the Lund model which gives the following estimate for the formation time τ F in the rest frame of the (pre)pion
where z ≈ 1 and a string tension κ = 1 GeV/fm. A direct extraction of τ F from MC [37] gives τ F = 0.17 fm. However, the corresponding times in the laboratory t F are very different. As one can see in Figure 5 in the Lund model the formation time t F (solid curve) is by about factor of 3 bigger than t F obtained when using Eq. (3) (dashed curve). The reason for such differences is related to the fact that in the Lund model the decay products of the excited strings are projected onto the states with physical masses and a notion of excited (pre)hadrons with large masses which then turn in time into the physical ones is not realized in this scheme.
In particular, what is essentially time dilated in the Lund scheme is the (pre)hadron with the physical mass of the hadron. We further use the quantum diffusion model of Ref.
[23] to describe the time-development of the interactions of a point-like configuration produced in a hard initial reaction. This approach combines a linear increase of the [27] . Here t and | k| stand for the four and three momentum transfer to the target, respectively, θγ is the angle between the three momentum of the virtual photon and the electron beam direction in the laboratory, ε is the virtual photon polarization, the Bjorken variable xB = Q 2 /2MN ν and l h denotes the coherence length for each kinematics settings. For the parallel kinematics θγ = θπ where θπ is the angle of the emitted pion with three momentum | k ′ |.
hadron-nucleon cross section with the assumption that the cross section for the leading particles does not start at zero, but at a finite pedestal value connected with Q 2 of the initial interaction, i.e.
where X 0 = r lead const Q 2 with r lead standing for the ratios of leading partons over the total number of partons (2 for mesons, 3 for baryons). The baseline value X 0 is inspired by the coefficient n 2 k 2 t /Q 2 in [23] , where n = 2 for mesons and k 2 t denotes the average transverse momentum of partons. The scaling with r lead guarantees that summing over all particles in an event, on average the prefactor becomes unity. The size of the pion enters through the (pre)hadronic cross sections with the pedestal 1/Q 2 behavior and also through the linear rise of the (pre)hadronic interaction cross section. Using Eq. (5) the (pre)hadronic cross section is zero before the production time t P and equals the full hadronic cross section after the formation time t F . We note that, following the Lund model hadronization pattern this (pre)hadronic interaction is effective only for the DIS events; the longitudinal cross section is not affected by this (pre)hadronic interaction. Thus, in the model of Ref. [28] only the DIS (transverse) part of the cross section is responsible for the observed effect since this part is connected with the 4D pattern of the string breaking dynamics which makes the formation time of (pre)hadrons finite.
The propagation of the produced (pre)hadron through the nuclear medium is described by the BoltzmannUehling-Uhlenbeck (BUU) equation which describes the time evolution of the phase space density f i ( r, p, t) of particles of type i that can interact via binary reactions. Besides the produced hadron and the nucleons these particles involve the baryonic resonances and mesons that can be produced in FSI. For the baryons the equation contains a mean field potential which depends on the particle position and momentum. The BUU equations of each particle species i are coupled via the mean field and the collision integral. The latter allows for elastic and 5), for the transverse contribution. The solid curves describe the effect of time dilatation alone with the pedestal value in the effective cross section independent of Q 2 . The dash-dash-dotted curve in the top left panel realises the CT effect both in the longitudinal and transverse channels. The experimental data are from Ref. [20] . inelastic rescattering and side-feeding through coupledchannel effects; it accounts for the creation and annihilation of particles of type i in a secondary collisions as well as elastic scattering from one position in phase space into another. The resulting system of coupled differentialintegral equations is solved via a test particle ansatz for the phase space density. For fermions Pauli blocking is taken into account via blocking factors in the collision term [38] . We note that exactly this method leads to a good simultaneous description of hadronic attenuation in nuclei observed both by the EMC (200 GeV) and the HERMES (27 GeV) experiments [39] . The model also works very well for semi-exclusive reactions as has been shown, for example, in analysis of the photoproduction of mesons on nuclei [26, 40] . In [26] it has been shown, that for pions coherent production, which is outside the applicability of semiclassical transport, does not play a role above the ∆(1232)-resonance.
Following Ref. [20] the nuclear transparency ratio in the reaction A(e, e ′ π + ) is defined as
where the cross sections σ A (in the laboratory) read
In Eq. (6) σ FSI A and σ A are the results of the model calculations with and without FSI of hadrons in their way out of the nucleus, respectively. In Eq. (7) M X stands for the missing mass of the recoiling nuclear system. It can be calculated using the four momenta of the virtual photon q and the four momentum of the detected pion
, where P A = (M A , 0) denotes the four momentum of the nuclear target in the laboratory. In Eq. (7) ∆M X denotes the region of the missing mass M X within the experimental acceptance. In the case of the free proton target, the missing mass is a δ-function at the neutron mass. For nuclei, the Fermi motion of the bound nucleons broadens the distributions, and the missing mass is limited by the acceptance conditions. The lower limit of M X is fixed by the 1π production threshold and the upper limit of M X in the integration is determined by the values imposed in the actual experiment. The latter is done to reduce the contamination from multi-pion events in the final yield. This guarantees that in the simulation procedure, like in the actual experiment, one selects events containing only single π + and the residual excited nucleus. The positions of the above-threshold nuclear missing mass cuts for all the kinematic settings (see Table I ) and targets are taken from Ref. [27] and used in the calculations. . The formation time of (pre)pions in the laboratory is calculated using Eq. (3). The dash-dash-dotted curves realize the CT effect in both the longitudinal and transverse channels and dash-dotted curves in the transverse channel only. The dot-dot-dashed curves describe the CT effect in the longitudinal channel only. The experimental data are from Ref. [20] .
Note that the shadowing (ISI) of the virtual photon is rather small for the kinematic conditions of the πCT experiment and varies weakly with Q 2 . The coherence length l h ≃ 2ν/Q 2 +m h , where m h stands for the mass of the ρ-meson, varies (see Table I ) from ≃ 0.67 fm at Q 2 = 1.1 GeV 2 down to 0.36 fm, i.e. less than one nucleon's radius, at Q 2 = 4.69 GeV 2 , only. The ISI effect for the VMD like π + quasi-elastic knockout part is included in the numerator of Eq. (6) using the method of Ref. [19] .
We have performed the calculations for the nuclei 12 C, 27 Al, 64 Cu and 197 Au at identical kinematics shown in Table I . Here the central values correspond to the parallel kinematics (θ γ = θ π ) where the magnitude of the outgoing pion three momentum | k ′ | is given by
where | k| is the three momentum transfer to the nucleus. The parallel kinematics q k ′ is supposed to minimize the contribution of the elastic rescattering [17] .
In Figure 6 we show our results with different scenarios for the hadronic FSI. At first, we consider a case where all the produced hadrons interact from their production on with the full hadronic cross sections. The result of this calculation is shown by the dotted curves. These curves are nearly flat and thus do not exhibit the observed rise with Q 2 . The same is true for the short-dashed curves which include in addition the ISI shadowing; the influence of the latter is very small due to the very small coherence lengths as discussed above.
The dash-dotted curves in Figure 6 correspond to the in-medium cross sections defined according to the Lund model formation time concept which includes the Q 2 -dependent (pre)hadronic interactions, Eq. (5), for the transverse contribution. Here the pedestal value X 0 has been fixed by assuming k 2 t = 350 MeV, i.e. the value used in the studies of [21, 22] . This model reproduces the trend of the data but on average overestimates the transparency for all four nuclear targets. The increase of T A , which we see at high Q 2 in this scenario, is driven by the (t−t F ) factor in Eq. (5) and the time dilatation effect seen in Figure 5 . The latter results in an increase of t F as a function of Q 2 in the target rest frame or, equivalently, the π + three momentum.
To show the effect of time dilatation alone we take in Eq. (5) the pedestal value X 0 = r lead = 1/2 independent of Q 2 . The result of this assumption is shown by the solid curves and provides a good agreement with data. However, there is an interplay between the formation times used and the Q 2 -dependent pedestal value in the effective cross section, see Eq. (5). Either a larger pedestal value or a decreased t F would lower the dash-dotted line in Figure 6 toward the data. We note that the scenario leading to the solid curve (no Q 2 dependence) is different from that in Refs. [21, 22] where a Q 2 -dependent pedestal value had been used.
The calculations of Refs. [21, 22] show a pronounced CT effect already at values of Q 2 as low as 1.1 GeV 2 . In these works it was assumed that all produced π + are subject to CT, whereas in our model the π-pole mechanism, which at low Q 2 gives the dominant contribution to the forward production of π + , is not affected by the formation time effect. To model this situation we assume the same t F for all pions produced by the longitudinal and transverse photons. In Figure 6 (left, top panel) the result of such a calculation is shown by the dash-dash-dotted curve; it is seen to strongly overestimate the transparency ratio. Thus, assuming a finite t F also for preexisting pions which are knocked out from the nucleon meson cloud (t-channel process) will destroy the agreement obtained above. The fact that the calculations of Refs. [21, 22] do fit the data is due to the facts that there 1) the formation times of (pre)pions in the laboratory, essentially free parameters in [21, 22] , are smaller than those extracted from the Lund model and 2) in Ref. [21] the total cross section was used in the Glauber attenuation formula. The latter may be a good approximation for the strictly forward kinematics in this experiment where any elastic process would scatter the pion out of the forward acceptance. However, because of the finite experimental resolution and the acceptance cuts [27] around the central values of the pion three momentum (see Table I ), the ideal forward kinematics is not realized in the πCT experiment. As a result the attenuation in the πCT experiment is not driven necessarily by the total π + N cross section. So far we have considered the (pre)hadronic expansion times extracted from the string breaking pattern of the Lund model. In Figure 7 we present the results with t F calculated when using Eq. (3) -the concept realized in Refs. [21, 22] . The calculations were done for ∆M = 1 GeV as a fit parameter. This is an optimal value needed to reproduce the πCT data with our treatment of FSI. The dash-dash-dotted curves realize the CT effect in both the longitudinal and transverse channels and dash-dotted curves in the transverse channel only. In addition we show the results of the CT effect in the longitudinal channel only (dot-dot-dashed curves). As one can see the latter scenario is certainly ruled out by the present data. Because of the dominance of the transverse cross section at high values of Q 2 , a use of different values of ∆M in a range discussed before does not change this result significantly. This is particularly interesting because presently the CT effect is expected to show up in the longitudinal channel [17] .
Our results based on the Lund model hadronization scheme and l-t separated transparencies presented in Figure 7 suggest that CT shows up in the transverse part of the γ * -nucleus cross section σ T . It would, therefore, be interesting to see the Q 2 dependence of l-t separated experimental cross sections for the transparency.
The ongoing experiments at JLAB [41] may verify this conclusion.
In summary, in this work we have presented a calculation of the nuclear transparency of pions in the reaction A(e, e ′ π + )A * off nuclei. The microscopic input for the primary interaction of the virtual photon with the nucleon describes both the transverse and the longitudinal cross sections. The coupled-channel BUU transport model has been used to describe the FSI of hadrons in the nuclear medium. The formation times of (pre)hadrons follow the time-dependent hadronization pattern of hard DIS processes. Our results are consistent with the JLAB data and show that a detailed understanding of the primary γ * N interaction may be essential for a quantitative understanding (and proof) of CT. The l-t separated cross sections would be extremely useful for this aim. It would, furthermore, be interesting to extend the present analysis to Q 2 ∼ 10 GeV 2 , where the largest CT effects are predicted.
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